Introduction
Hematopoiesis is a dynamic cellular process, whereby blood cells are continuously replenished from a pool of HSC 1 . This process is dependent upon the correct expression of transcription factors at the appropriate levels and developmental stages, which regulate specific gene expression programs that are required for the proliferation, self-renewal and differentiation of HSC 2, 3 . Deregulation of transcription factor function is frequently associated with the initiation and progression of hematopoietic malignancies. Thus, current efforts are focused on identifying critical transcription factors and transcription factor networks required for hematopoietic development.
Gfi-1 encodes a transcriptional repressor, which is highly expressed in hematopoietic cells and required for the proper maintenance of HSPC and for the development of multiple hematopoietic lineages [4] [5] [6] . Mice that lack Gfi-1 are viable but have few HSC, reduced lymphoid cell numbers, myeloid/erythroid hyperplasia, and a maturation arrest in neutrophil development [7] [8] [9] [10] . Gfi-1 -/-BMC have a compromised ability to reconstitute lethally-irradiated mice 7, 10 . Mutations in the zinc finger domains of Gfi-1 result in hyperplasia and severe congenital neutropenia in humans, characterized by a failure to develop mature neutrophils in patients 11, 12 . Gfi-1-target genes have been identified, and some have been shown to mediate the hematopoietic defects in
Gfi-1 -/-mice, which include maturational defect in granulocyte (CSF-1, RasGRP1, Pu.1) and B cell (Pu.1 or Id2) developments and myeloid hyperplasia (Id2 or HoxA9) [13] [14] [15] [16] [17] [18] . However, Gfi-1-target genes that mediate the defects in radioprotection, maintenance of HSC/HPC, and erythroid hyperplasia in Gfi-1 -/-mice are unknown.
Id proteins function by inhibiting the DNA binding ability of basic helix-loop-helix (HLH)
proteins, which regulate the expression of cell cycle inhibitors and genes necessary for differentiation [19] [20] [21] . Since Id2 is upregulated in HSC/HPC in Gfi-1 -/-mice and it is a direct repressed target of Gfi-1, we hypothesized that the defects in short-term reconstituting cells (STRC) and HSC in Gfi-1 -/-mice may be rescued by reducing Id2 expression levels 17 . In this study, we used two mouse models to investigate how the expression levels of Id2 affect hematopoietic development and maintenance of HSC/HPC, and report that reduction of Id2 in For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From
Methods

Mice
Gfi-1, Id1, Id2, and Id3 deficient mice have been described in previous manuscripts, all mice were backcrossed onto C57/Bl6 backgrounds 8, [22] [23] [24] 
Bone marrow transplantation
BM reconstitution assays were performed by transplanting CD45.2-positive BMC from femurs and tibias into lethally-irradiated (9.5 Gy from a 137 Cs source) CD45.1-C57BL/6 recipient mice. For competitive reconstitution assays, 2x10 6 BMC from Gfi-1
2) mice and 2x10 5 BMC from CD45.1-C57BL/6 mice were transplanted into individual recipients. Survival was monitored for 4-6 months, and femurs and tibias were harvested and analyzed for donor reconstitution. To test short-term reconstituting activity, 1x10 6 BMC from donor mice were transplanted into CD45.1 recipient mice. The survival of recipient mice was monitored for up to 3 months, and then hematopoietic tissues were analyzed for reconstitution by flow cytometry.
Burst-forming unit-erythroid (BFU-E) colony assay, and colony forming unit in spleen (CFU-S 8 ) assay
For BFU-E assays, we plated 3.5x10 4 To determine the number of erythroid progenitors (CFU-S 8 ) within a cell population, we transplanted 1x 10 6 donor BMC into lethally irradiated recipient mice. Eight days after BMT, the spleens were fixed in Tellesniczky's solution, and spleen colony formation was enumerated.
Retroviral production, transduction and cell sorting
The pRetro-Id2-shRNA-GFP or pRetro-non-specific control shRNA-GFP retroviral plasmids (Cellogenetics, Ijamsville, MD) were transiently transfected into Phoenix "producer" cells with
TransIT-293 transfection reagent (Mirus, Madison, WI) to produce retroviral particle containing supernatants, which were used to transduce BMC according to the manufacturer's instructions
17
.
BMC from Gfi-1 +/+ or Gfi-1 -/-mice were labeled with anti-CD71-PerCP-Cy5.5 and antiTer119-PE (BD Bioscience), and then sorted using a BD FACS Aria II cell sorter (BD Biosciences), and then cultured in erythroid cell growth medium (described in Supplemental Methods) 25 . Ter119 -/CD71 -sorted-BMC were cultured in erythroid medium for 12 hours, then the cells were transduced with Id2-shRNA or NS-shRNA retrovirus on non-tissue culture-treated 6-well plates, which were previously coated with RetroNectin (50 ug/well; Takara Bio Inc., Shiga, Japan), onto which the viral supernatant had been centrifuged for 2 hours, 3600 RPM, at 10°C. After centrifugation residual viral supernatant was removed, and cells were added to the plates and incubated for 12 hours. This transduction was repeated 3 times. After the last transduction, the cells were cultured for additional 5 days. Cells were then stained for Ter119
and CD71, and analyzed by flow cytometry as described above. (Fig. S1A-B) .
To determine which STRC populations were rescued by lowering Id2 in Gfi-1 -/-mice, we analyzed HSPC by flow cytometry (Fig. 2A) 2B ) and LSK cells, and total BM cellularity to determine total numbers of LT-HSC, ST-HSC and MPP (Fig. 2D) . As expected, the number of LT-HSC were significantly decreased in Gfi-1 -/-BM compared with Gfi-1 +/+ BM, and
were not rescued by reducing Id2 expression in Gfi-1 -/-mice ( Fig. 2A and D was normalized using the percent LK (Fig. 2C ) and BM cellularity, we found that the total numbers of CMP were partially restored, while the total numbers of MEP and GMP were not rescued by reducing Id2 expression (Fig. 2F) (Fig. 3A) . Interestingly 
BFU-E and CFU-S 8 progenitors are rescued in Gfi-1 -/-mice by decreasing Id2 expression
To test if Id2 reduction rescues erythroid development in Gfi-1 -/-mice, we quantified erythroid progenitors in mice using BFU-E colony formation and CFU-S 8 assays (Fig. 4A-D) .
The number of BFU-E (Fig. 4C ) and CFU-S 8 ( Fig. 4D ) between groups can be directly compared, since BM cellularity is the same in all animals. Gfi-1 -/-BMC had significantly fewer erythroid burst forming colony units (BFU-E) than Gfi-1 +/+ BMC, which were restored by reducing Id2 levels in Gfi-1 -/-;Id2 +/-mice (Fig. 4C) . Moreover, the size of BFU-E colony formation in BMC, and large colonies (1.5-2 mm) that contain erythroid and other cell lineages in spleen cells was also restored (Fig. 4B ). To confirm this observation, we determined the number of CFU-S 8 in Gfi-1 -/-and Gfi-1 -/-;Id2 +/-BMC, which give rise to erythroid containing colonies in vivo. We found that the number of CFU-S 8 are decreased in Gfi-1 -/-BMC, and that they are rescued by reducing the levels of Id2 in Gfi-1 -/-;Id2 +/-mice (Fig. 4D) . Finally, we have observed increased numbers of BFU-E in the spleens of Gfi-1-/-mice compared to Gfi-1+/+ mice ( Fig. S3C) , which is consistent with the previously observed extramedullary hematopoiesis including increased numbers of CFU-c and spleen cellularity 17 . The number of BFU-E, CFU-c and spleen cellularity 17 were reduced in Gfi-1-/-spleens by lowering the levels of Id2 expression.
This suggests that red cell development in Gfi-1-/-BMC is rescued, and extramedullary hematopoiesis reduced by lowering Id2 levels in vivo.
To determine if the same rescue occurred in vivo, we measured red blood cell (RBC) 4E ). Since saline-treated recipients were moribund 13-14 days after irradiation, we evaluated RBC 15 days after BMT. We found that Gfi- Fig. 5C,D) . Furthermore, the developmental defects in myeloid, B, and T cells in Gfi-1 -/-mice were also not rescued by reducing Id1 or Id3 levels (Fig. S4D-S4L 
Id2 expression is dynamically regulated during erythropoiesis
Taken together, these data suggest that erythropoiesis depends upon regulation of Id2 expression for proper development. To examine the expression of Id2 during erythropoiesis we used a novel "knock-in" mouse model in which the Id2 promoter drives an enhanced yellow fluorescent protein (EYFP) reporter (manuscript in preparation). These mice develop normally and accurately "report" Id2 promoter activity based on EYFP expression. Therefore, we analyzed BMC of these mice for CD71, Ter119, and EYFP expression, to determine if Id2 is expressed in developing erythroid lineage cells (Fig. 6A-B Table S1 ) (GEO accession number: GSE59360). We found that genes controlling B cell and myeloid cell development were differentially expressed, which confirmed our previous findings that B cell development is rescued by reducing Id2 levels in Gfi-1 -/-mice 17 .
In addition, we found that expression of CD71 (Tfrc) was downregulated and erythropoietin receptor (EpoR) was upregulated by Id2 reduction in Gfi-1 -/-BMC ( Table 1 ). The downregulation of CD71 agrees with our finding that CD71 + Ter119 -/lo cells were increased by lowering Id2 levels in Gfi-1 -/-mice (Fig. 5A-B) . We validated the expression of EpoR and CD71, and examined the expression of other genes expressed during erythroid differentiation (Gata1, Eklf, Gata2, Hbb-b1, and) in whole BMC (Fig. 7A) , and in purified HPC (Lin-BMC) (bottom graph) (Fig. 7B) by quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR). As expected, Gfi-1 was not expressed in Gfi-1 -/-BMC, while Id2 expression was increased in Gfi-1 -/-BMC and reduced in Gfi-1 -/-;Id2 +/-BMC (Fig. 7A) . Furthermore, the expression of Growth factor independence-1b (Gfi-1b), a paralogue of Gfi-1, is required for megakaryopoiesis and erythropoiesis but it is not known how Gfi-1b regulates these processes 48 .
Gfi-1 and Gfi-1b bind to the same consensus sequence and are known to regulate each other's expression, thus it is possible that Gfi-1b might also directly regulate Id2 expression
49
Expression levels of Gfi-1b and Gfi-1 have been examined during hematopoiesis using Gfi-1b-GFP and Gfi-1-GFP reporter strains. Gfi-1b expression is upregulated in CD71 + Ter119 -cells, and remains at relatively high levels as these cells differentiate to CD71 + Ter119 + cells, when Id2 levels begin to decrease. Since Gfi-1 is unlikely expressed in these cells, Gfi-1b may be required to downregulate Id2 expression during the later stages of erythroid development. Additional studies will be required to establish if Id2 is directly repressed by Gfi-1b.
In summary, this study provides new insights regarding the necessity of Gfi-1-mediated Id2 repression which is required for development of erythroid-committed progenitors and STRC activity during stress-induced hematopoiesis. Specifically, these findings set the foundation for future studies addressing mechanisms of Id2 regulation by Gfi-1 (and/or Gfi-1b) in hematopoiesis.
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